In this work we study the underlying event (UE) activity as a function of the highest jet transverse momentum (p jet T ) in terms of the number and summed p T densities of charged particles in the azimuthal region transverse to the p jet T direction. Contrary to inelastic (INEL) pp LHC data, the UE observables normalised to the INEL multiplicity obey an approximate Koba-Nielsen-Olesen (KNO) scaling. Based on PYTHIA 8.2 simulations of pp collisions at LHC energies, we show that the remaining imperfection of the KNO scaling is due to the increasing importance of multiple partonic interactions (MPI) at higher √ s that makes the particle production in the UE harder than in INEL pp collisions.
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Motivated by this, we studied the UE activity considering charged particles within different p T intervals in pp collisions at √ s = 7 TeV. Albeit MPI saturate for p jet T > 10 GeV/c, UE still increases with increasing p jet T . We demonstrate that the saturations of both number and summed p T densities, which are commonly claimed, are only observed for low-p T charged particles (0.5 < p T < 2 GeV/c).
Moreover, for the p T -integrated case (p T > 0.5 GeV/c) the summed p T density is not sensitive to the variation of color reconnection (CR), however at low-The UE observables have been measured in pp collisions in dijet and DrellYan processes at CDF at √ s = 1.8 and 1.96 TeV [6, 7] . At the start of the LHC most of the existing Monte Carlo models were tuned using Tevatron data. In 24 this sense, early measurements provided by the ATLAS experiment [8] showed clear differences between event generators and data. Latest results show an improvement on the description of the UE by the new Monte Carlo tunes [9] .
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However, we should keep in mind that the modelling of UE is more challenging than traditionally assumed because recent results suggest the unexpected presence of heavy ion-like behaviour in pp data [10, 11, 12, 13] . We should therefore 30 go beyond the traditional UE analysis for better understanding the similarities between pp and heavy-ion data.
In order to understand the physics behind high multiplicity pp collisions, 33 in previous works, we have performed several studies using PYTHIA 8 [14] event generator. We have found that CR together with MPI can produce radial flow patterns via boosted color strings [15] . The analysis as a function of the 36 event multiplicity allows to study events with different amount of MPI, however high multiplicity pp collisions are effected by the fragmentation bias [16, 17] .
Moreover, for a fixed amount of MPI CR strongly modifies the charged-particle 39 multiplicity, therefore a selection based on multiplicity does not allow the study of CR effects on hadronization in events with the same MPI activity. In this work we propose to exploit the usage of UE in order to increase the sensitiv-42 ity to events with multiple semi-hard scatterings instead to the fragmentation of high transverse momentum (p T ) jets. Similar ideas have been proposed in order to disentangle auto-correlation effects from other physical phenomena by 45 measuring the charged-particle multiplicity in the UE region [18] .
Motivated by the fact that heavy-ion collisions data indicate a different behaviour for the particle production associated to bulk (everything outside the 48 jet peaks) and jets (particle production around the the highest p T ), being the strangeness enhancement and radial flow only observed in the bulk [19, 20] . as a tool to probe the QCD Monte Carlo picture using LHC data.
The article is organised as follows: section 2 provides information about the event and particle selection for the simulations, section 3 discusses the hardenig 66 of the UE in terms of the number and summed p T densities both calculated using charged particles within different p T intervals, section 4 presents results on how CR affects the UE observables and finally section 5 contains a summary 69 and outlook.
Simulations and analysis
PYTHIA 8.212 [14] tune Monash 2013 [21] , hereinafter referred to as PY-72 THIA 8, was used to simulate inelastic pp collisions at the LHC energies. Since simulations are intended to be compared to CMS [22] , ATLAS [9] and AL-ICE [23] data, different selections at particle and event levels were implemented.
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Namely, the comparison of simulations relative to CMS data (pp collisions at √ s = 0.9 and 7 TeV) requires PYTHIA 8 events containing a leading jet with transverse momentum larger than 1 GeV/c within the pseudorapidity interval: 78 |η| < 2. Jets are defined using the SISCone algorithm [24] as implemented in FastJet 3.3 [25] with the clustering radius given as R = (∆φ) 2 + (∆η) 2 = 0.5. tively. Those observables are computed using charged particles within |η| < 2.
Notice the η range of particles used to build the jets is larger than that of particles in the UE in order to avoid a kinematic bias. Finally, the comparison 93 with existing ALICE and ATLAS results requires the analysis as a function of
Scaling properties of the underlying event
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In this section we investigate the scaling properties of the underlying event reported in [26] . In particular, we want to trace back the origin of the small imperfection of the scaling behaviour. Instead of using ATLAS UE data, now
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we use the CMS data since they are reported for a wide p Using those values, the relative variation (f ) of the average multiplicity with and the summed p T were both scaled considering the factor f = 1.94 ± 0.11 for
The results from the CMS experiment in pp collisions at √ s = 0.9 and 7
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TeV [22] were compared to simulations using PYTHIA 8 with color reconnection range (rr) set to the default value (rr = 1.8). rise is followed by a change of the slope above p jet T ∼ 10 GeV/c. The change of the slope is understood as due to very small impact parameter pp collisions which yields to a saturation of the MPI activity. Many publications suggest that 126 above 10 GeV/c both observables saturate, reaching nearly constant values [29] .
However, both data and PYTHIA 8 still show a rise of the UE activity with increasing p jet T .
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The universality of the UE can be interpreted as the approximate KNO [30] scaling of the particle production associated to the UE. and ATLAS [9] results, the UE activity associated to leading charged-particle 
CR studies using UE observables
Based on PYTHIA 8 simulations, we have shown that particle production 162 associated to UE gets harder than INEL events with increasing √ s as a consequence of the √ s dependence of MPI. Since in events with large number of MPI color reconnection is known to modify the p T spectral shapes [15], thus, 165 CR effects on particle production sensitive to UE are expected. In order to perform the study, we computed N ch /∆η∆φ and Σp T /∆η∆φ in three different p T ranges depending on the transverse momentum of the charged particles valid for other energies.
Modification of the particle production at low and intermediate p T . Figure 3 shows the number density as a function of p creasing N MPI . CR allows the color fields of the event to be redirected, relative to the case of color-separated MPI, in such a way that the total string length is 219 reduced. This produces a transverse boosts to reconnected string pieces, that e.g. provides to heavier hadrons higher p T [31] . It has been shown that in events with enhanced UE activity relative to INEL pp collisions the flow-like ef-222 fects increase. This has been achieved by selecting high spherical events where no jet structure is present [32] . Motivated by the similarity of the UE results with those for heavy-ion collisions where the proton-to-pion ratio (sensitive to 225 radial flow [33] ) is studied for the regions sensitive to bulk production and jet fragmentation, separately. We decided to perform an analogous MC analysis but considering the underlying event accompanying a very high-p T jet. The goal of 228 the study is to understand how the p jet T selection affects observables sensitive to radial flow in the UE region. analysis using heavy-ion data.
Conclusion
In this paper we study underlying event observables measured by experi- of the traditional underlying event observables considering particles within different p T intervals. We found that CR modifies the p T spectra of unidentified charged particles, producing a variation in the number and summed p T densi-276 ties. In short, CR enhances the particle production at intermediate transverse 
